Abstract. The environmental e ects of production of Portland Cement (PC) have provoked the researchers to examine the growth of concrete with 100% replacement of cement with industrial byproducts containing high amounts of Si and Al, which are activated by alkali solutions, termed geopolymer concrete. Concrete made with PC can be durable under mild exposure condition when properly designed, but it undergoes deterioration under severe exposure condition. Since very few works were performed on the ambient cured Alkali Activated Slag Concrete (AASC) under aggressive environmental condition, this work was intended to study the e ect of binder content and sodium hydroxide concentration on AASC subjected to aggressive environment. In this regard, an experimental investigation was carried out to study the in uence of chloride, acid, and sulphate environments on the physical and mechanical properties of AASC. The results show that the AASC mixes perform well under aggressive environment condition.
Introduction
The manufacture of PC needs a huge amount of energy. Moreover, an immense sum of CO 2 is transmitted to the atmosphere due to the calcination reaction during the manufacturing process. In the manufacture of 1T PC, 0.53T CO 2 is released due to the calcination, and it may increase to as much as 1T if carbon gasoline is used as energy source. Conversely, the creation of commercial through-products releases fewer amounts of Green-House Gases (GHG). Fly ash produces 80-90% and slag produces 80% less GHG emission to the atmosphere than PC does. Therefore, 100% substitution of PC with y ash or slag would signi cantly reduce the impact on environment. In cement concrete, Calcium Silicate Hydrate (C-S-H) and the portlandite (Ca(OH) 2 ) are the main hydration products, which govern the strength and the binding characteristics, but make the concrete highly susceptible to chemical degradation when exposed to severe environmental conditions. Moreover, in some cases, the con guration may require to be revamped or even reinstated due to this e ect. The dispersal of dissolved species inside interstitial uid and dissolution of diverse hydrate phases were the two processes suggested by Xie et al. [1] to control the degradation of cement-based materials under chemical exposure. Yang and Cho [2] expressed that the accelerated chloride migration test showed a decent relationship linking the charge passed and the steady state chloride ux. However, a new method based on Neumann's theory was proposed by Wang et al. [3] to determine the chloride di usion coe cient without the aid of electric current contrast to accelerate chloride permeability test or chloride migration test. Cement concrete subjected to sulphate exposure results in the chemical response of sulphate particles as the forceful agent to the aluminate segment of hardened cement paste [4, 5] . The formation of ettringite due to high amount of C 3 A is the main reason for the deterioration of PC [6] . Among the properties that control the resistance to sulphate exposure, permeability and chemical composition of cement paste are the most important. Due to the di erence in the chemical and phase compositions, the concrete made with PC is more susceptible than that made with slag to acid attack. As a result of the formation of C-S-H gel and silica gel, the surface of the cement concrete specimens becomes soft and could be delaminated, resulting in deterioration of the concrete layers [7] . Alkali Activated Slag (AAS) mortar exposed to 5% sulphuric acid shows severe degradation in comparison with citric acid, hydrochloric acid, and nitric acid solutions over a period of 6 months [8] . The concrete made with AAS has superior resistance to the concrete made with OPC of similar grade when reacted with acetic acid solution of pH = 4 [7] .
Most of the previous studies have been carried out to investigate the behavior of geopolymer in the form of mortar under aggressive environment when cured under elevated temperature. Since very few researches were carried on geopolymer concrete under ambient temperature curing, this experimental investigation was carried out to study the e ect of binder content and NaOH concentration on the physical and mechanical properties of AASC under aggressive environment. This paper at the inception provides an outline of the experimental investigation into integrating materials and their characteristics, their proportioning, and the experimental mechanism. It is then pursued by an elaborated discussion of the obtained results, where the e ects of addition of binder content (350, 400, and 450 kg/m 3 ) and NaOH concentration (10, 12 , and 14 M) on the physical and mechanical properties of the AASC under aggressive environment (acid, sulphate, and chloride) condition are explained. The properties are o ered in conjunction with added signi cant elucidations.
Materials and methods

Constituent materials and mix proportion
Ground Granulated Blast Furnace Slag (GGBFS) was used as Geopolymer Source Material (GSM); GGBFS is the most common cementitious material for AAS binder [9] and its chemical composition is given in Table 1 .
From Table 1 , the slag used was categorized as acidic as the ratio of the total basic to acidic components was found to be 0.98, which made it best suited as a starting material for AAS binder. The past research work suggested that the blend of sodium hydroxide (NaOH) and sodium silicate (Na 2 SiO 3 ) solution could be used as alkali activators resulting in higher strength [10] . Sodium hydroxide was acquired in the form of akes and sodium silicate in liquid form with silica modulus of 2. Total chloride content (Cl )=3:545x
where, V 1 and N 1 are the volume and normality of AgNO 3 solution added, respectively, and V 2 and N 2 are the volume and normality of ammonium thiocyanate added, respectively. The resistance to sulphate attack was evaluated using cylindrical specimens of size 100 mm in diameter and 200 mm in height following ASTM C88 (Standard Test Method for Soundness of Aggregates by use of Sodium Sulfate or Magnesium Sulfate, ASTM International, 2013). The specimens were immersed in 5% sodium and magnesium sulphate solutions over a period of 90 days and the reduction in mass and strength was evaluated. The core samples of 50 mm height were taken for visual examination. The solutions were changed periodically at an interval of 10 days in order to maintain the concentration throughout the exposure period. The loss in the strength was measured by Sulphate Deterioration Factor (SDF), which is the variation ratio percentage of the strength of the specimens after immersion in sulphate solution to that of the specimens immersed in water at age \t".
3. Results and discussion 3.1. Fresh concrete properties
The workability of concrete is mainly in uenced by the water requirements at the time of mixing. For conventional concrete, it was decided mainly on the basis of the maximum size of aggregate used. The test results of the workability of the AASC mixes are presented in Figure 1 . As can be seen, the workability of AASC mixes decreased when NaOH concentration increased. A reason for this pattern can be the measure of water and alkaline in the solution prepared. More NaOH solids were allowed with increase in the activator concentration and less free water for a given volume, bringing about the reduction in the slump values. Similarly, the slump values were observed to decrease with increase in the GGBFS volume similar to OPC concrete.
Compressive strength
The compressive strength results of the AASC mixes at the age of 7 and 28 days of curing are shown in Figures 2 and 3 , respectively. The use of high calcined source material as binder was stated to improve the microstructure of the geopolymer matrix resulting in high strength [12] , and reaction between GGBFS and alkaline solution was an exothermal process in which the geopolymerization process would be promoted by the generated heat [13] . GGBFS contains higher CaO content and, consequently, it is a good impending resource of soluble Ca in the mixture. The amount of soluble calcium relies on the GGBFS quantity available in the mix and the compressive strength has a direct impact on it. The increase in the compressive strength results was found to be averagely 12.9% for 7 days and 11.8% for 28 days of curing with increase in the GGBFS content from 350 to 400 kg/m 3 , and the drop was averagely 3.8% for 7 days and 3.4% for 28 days of curing when the GGBFS content increased to 450 kg/m 3 .
The activator concentration is known as the most critical component in uencing the properties of alkaliactivated binders. The impacts of activator concentration, in any case, are not generally that basic. While a few studies propose that a base minimum concentration of activators is required for the activation to be successful, there are distinctive studies demonstrating adverse impacts of high concentration on the strength properties of alkali-activated binders. The utilization of high concentration NaOH solution increases the dissolution of the solid materials and the geopolymerization process resulting in higher compressive strength mostly because of the higher level of leaching of Si and Al. NaOH concentration on aqueous phases increases the compressive strength averagely by 13.0% and 12.9% for 7 and 28 days of curing, respectively, with increase in the NaOH concentration from 10 M to 12 M and further increases the strength averagely by 11.5% and 12.1% for 7 and 28 days of curing, respectively, from 12 M to 14 M. Since one of the fundamental strides of geopolymerization procedure is the breakdown of aluminosilicate bonds (Si-O-Si and Al-O-Si) in alkaline environment, higher concentration prompts enhanced breakdowns. With more breakdown of aluminosilicate bonds, there are further prospects for hydrates to be shaped and, thus, increase in the compressive strength. The increase in the compressive strength with increase in NaOH concentration can be related to improved solvency of aluminosilicate at higher concentrations [14, 15] .
Saturated water absorption and volume of voids
Variations of water absorption and the volume of voids of the AASC mixes are shown in Figures 4 and 5 , respectively. The amount of binder content in concrete has especially strong impact on the water retention properties of AASC mixes, despite the fact that the absorption characteristics are, in all cases, lower than those of the equivalent OPC mixes of comparable porosities. This is most likely a consequence of the presence of exceptionally re ned, convoluted, and conned porosity in the AASC samples into which water does not promptly in ltrate. Furthermore, the reaction products are continuously arranged at advanced ages of curing [16] .
The superior property of the volume of voids is mainly because the structure of the C-A-S-H (CaOAl 2 O 3 -SiO 2 -H 2 O) binding gel type, which dominates the microstructure of the geopolymer concrete, is highly dense [17] Figures 6 and 7 , respectively. The excellent acid resistance performance is mainly due to the absence of Ca(OH) 2: . Unlike the concrete made with PC, which relies on C-S-H bonds for structural integrity, geopolymers are novel binders that depend on aluminosilicate for structural integrity and, hence, reported to be acid resistant. High content of binder leads to reduction in deterioration of specimens and is structurally intact with no appreciable change in colour. This excellent performance may also be associated with the formation of alumino-silicate gel as the main binder in AASC mixes, which generally does not have free lime [7] . Greater resistance of GPC to sulphuric acid in general has been stated by Thokchom et al. [20] .
The AASC specimens are found to remain structurally intact without any signi cant variation in mass and compressive strength. Even after 90 days, the AASC specimens are structurally sound without any surface deterioration. 
Sodium and magnesium sulphate attack
The variation percentages in mass loss and strength loss of the AASC mixes after exposure to 5% Na 2 SO 4 solutions are shown in Figures 8 and 9 , respectively, and those of AASC mixes under MgSO 4 exposure are shown in Figures 10 and 11 , respectively. The maximum reduction in the mass of the AASC mixes was found to be 2.54% and 4.57% under Na and Mg sulphate solutions, respectively, and that of the compressive strength was observed to be 8.06% and 13.15%, respectively. Some of the past researches [21] [22] [23] showed that there was a gain in the mass of the specimens under Na sulphate solution, whereas the present investigation shows a slight reduction in the mass under Na sulphate environment. This may be due to the ambient curing condition followed in this work, unlike elevated curing techniques adopted in the past researches, where the liquid present in the pores will be evaporated leaving the pores to be lled by the sulphate attacking agents resulting in mass gain [23] . The gain in the mass is also associated with the expansion of the specimens when the pores are lled with sulphate attacking agents like gypsum and ettringite [24] .
It has been noted that the reduction percentage in mass and compressive strength decreases with increase in the NaOH concentration. High concentration of NaOH might be the reason for the arrangement of increasing amount of dense sodium-alumino-silicate gel in the network and rate of geopolymerization, and thereby, improved performance. The absence of Gypsum and Ettringite results in no signi cant reduction in mass loss and strength degradation of the AASC mixes. The specimens were found to maintain their integrity with no distress observed on the surface when examined visually. The specimens were subjected to increased amount of distress in MgSO 4 solution compared to Na 2 SO 4 solution. After 90 days of exposure, some cracks on the corners were observed and the degradation might be due to the presence of Gypsum and the release of alkalis from geopolymers into the solution in AASC. No formation of ettringite was observed as the slag was rich in aluminum not in the form available for the reaction. Figure 12 shows the exposed specimens under Na and Mg sulphate environments after 90 days. The variation percentage in mass of the AASC specimens exposed to sodium and magnesium sulphate solutions is negligible. However, this cannot be taken as a reliable sign of deterioration by sulphate attack. Conversely, a considerable reduction in the compressive strength was observed with the sulphate exposure, which could be taken as a measurable indicator of deterioration. The specimens immersed in Na 2 SO 4 solution showed exposition of grains alone, whereas the specimens in MgSO 4 solutions showed both exposition and dissolved aluminosilicate matrix, which implied the rigorousness of Mg ions [25] .
3.5. Chloride penetration 3.5.1. Chloride content pro le Various strategies are available to assess the chloride ion di usion in OPC concrete. An electrical eld is frequently o ered to drive the chloride ion transportation in the samples. At the point where these techniques are utilized to assess the geopolymer frameworks, the electrical potential is required to accelerate the ion transportation through the pore system because of increased Na + concentration present in the pore arrangement [26] . Therefore, the chloride di usion mechanism can be a ected altogether. In this way, the accelerated tests are viewed as temperamental when contrasting frameworks and generously diverse pore arrangements [27] . The long-term investigation of chloride ion penetration in AASC mixes as the accelerated methods has been proved to be futile, since the rise in temperature of the geopolymer specimens during exhibition of the test is against the Ohm's law [28] . Salt ponding technique can be used to assess the chloride ion penetration under non-accelerated conditions as per ASTM C1202 (Standard test method for electrical indication of concrete's ability to resist chloride ion penetration, ASTM International, 2008). The chloride content pro les of the AASC mixes are shown in Figures 13 to 15 .
In the gures, it is observed that the reduced absorption capacity of the AASC mixes is mainly due to the high tortuous nature of the aluminosilicate phase of AASC in comparison with the porous microstructure of y ash based geopolymer mixes [19] . The reason for the reduced porosity and pore sizes as well as improved tortuosity has been provided above. Chloride ingression can also be further reduced with the extended age of curing [27] due to reduced permeability and sorptivity. The results reveal that the increase in the NaOH concentration reduces the chloride ion di usion. The increase in the NaOH concentration leads to increase in the compressive strength of geopolymer mixes due to dense matrix, thereby reducing the porosity, resulting in less chloride ingression. Generally, alkali with high concentration dissolves high proportion of source material due to higher degree of geopolymerization, resulting in dense microstructure of the system, thereby reducing the chloride ion ingression in AASC mixes with higher NaOH concentration. In general, the mixes made with AAS have almost zero Ca(OH) 2 [29] and pores of lower size than OPC result in lower permeability, thereby preventing the ingress of deleterious ions. 3.5.2. Chloride di usion coe cient (D c ) The chloride pro le from the tested specimens was used to compute the Chloride Di usion Coe cient (CDC) and the results are provided in detail in Table 3 . In the present study, the chloride Di usion coe cient (D c ) has been computed using Fick's second law of di usion, which is given by Eq. (2):
where, C is the concentration of chloride ions as a function of distance x, at any time t, and D c is the di usion coe cient. This is helpful in predicting the time required for protecting the concrete from corrosion presuming a threshold rate in depassivating the steel reinforcement and, thereby, the initiation of corrosion. The CDC values are found to decrease with increase in the NaOH concentration and slag content. The improved resistance to chloride penetration is mainly due to the re ned pore structure, which con nes the di usion of chloride ions into the samples [30] . The CDC values are also observed to get reduced with increase in the slag content. This is due to the high re nement of pore microstructure with increased amount of slag content, thereby reducing the ingress of aggressive agents. Due to the very low CDC values for AASC mixes, it can be accepted that the time required for depassivation of steel in AASC is higher than that for cement concrete. 
Conclusions
By analyzing the concrete mixes prepared at a range of sodium hydroxide concentration and binder content, using alkali activated slag as binder, the mechanical properties and behavior under aggressive environment were determined. From the experimental results obtained, the following conclusions can be made:
1. The compressive strength of the AASC mixes increases with increase in the NaOH concentration; 2. The AASC mixes show superior mechanical and durability properties under aggressive environment; 3. Rare evident for microcracking was observed in AASC mixes even at higher binder contents, which was mainly due to the low amount of heat release in AASC mixes compared to OPC mixes; 4. The performance of the AASC mixes was also improved with increase in the NaOH concentration, which was mainly because of improved polymerization products at higher concentrations; 5. The excellent resistance of the AASC mixes under acid environment was mainly due to the very low calcium oxide content and that of the sulphate environment was mainly due to the absence of sulphate deteriorating factors; 6. The reduced pore size and improved tortuous nature of AAS con ned the di usion of chloride ions into the samples; 7. In general, the mixes made with AAS have almost zero calcium hydroxide and pores of lower size than OPC result in lower permeability, protecting the concrete from the ingress of deleterious ions.
